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ABSTRACT 
An attempt is made to study a nonlinear mathematical model for the description of tidal 
flow propagation at the confluence of two tidal rivers. The model so developed requires no 
additional approximations than what is usually accepted in the case of a single channel with- 
out branching. To illustrate the effectiveness of the model, the flow conditions at the con- 
fluence of the river Hooghly and the river Rupnarain have been determined. The explicit 
finite difference scheme is used for its simple mathematical formulation and easy computer 
programming, also keeping in mind the sharp turn-over of the tidal curves of the Hooghly 
and the gupnarain, which is difficult to be reproduced using the implicit finite difference 
schemes. It is of interest o note that not only the junction of two rivers but also of any 
number of rivers can easily be simulated with this method. Also, the junction of several rivers 
at several points along a river can be simulated using the same procedure advanced in this 
paper. The accuracy of tidal computation is verified by checking the results of the model 
against he data observed in the above-mentioned river system. 
1. INTRODUCTION 
The river Hooghly is the westernmost arm of the 
Gangetic Delta system in India. It is tidal for a 
length of 282 km and the port of Calcutta is situat- 
ed at about 128 km inland. About 56 km down- 
stream of Calcutta, the Hooghly receives its most 
important tributary (in its tidal part) the river 
Rupnarain at Hooghly point as shown in Figure 1. 
The tidal influx entering into these two rivers at 
the junction is approximately of the same order 
(10,000 x 106 m3 approximately for a spring tide), 
though the tidal length of the Hooghly is about four 
times that of the Rupnarain. Because of such large 
and almost equal tidal capacities of the rivers Hoogh- 
ly and Rupnarain, each river affects significantly on 
the flow conditions of the other, both in the lower 
and the upper portion of the confluence. 
It is generally accepted that the tidal motion in shal- 
low rivers, estuaries or coastal areas is essentially one° 
dimensional with respect to the direction of the pro- 
pagation of the tidal wave. And the governing equa- 
tions for the tidal flow are essentially nonlinear, due 
particularly to the influence of the bottom friction. 
In view of the nonlinear character of the tidal equa- 
tions, the confluence of several rivers and the irregular- 
BAXI 
KOLAGHAT ' 
MOYAPUR 
DHANIPUI 
' GOPINATHPUR 
,ATILPARA 
GEONKHALI  
: ISHERMAN'S POINT 
FULTA 
'IOOOH LY POINT 
~ km 
SCALE 
I~,LARI 
Fig. 1. Hooghly-Rupnarain river. 
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ities in the shape of the tidal curves at the mouth of where 
the river system, the problem of tidal computation Q (x, t) = 
in a river system is quite complicated. However, one 
dimensional tidal flow computation using the differ- 
ential equations of hydrodynamics is not too corn- h (x, t) = 
plicated as long as the problem involves the propaga- 
tion of tides in a single channel without any branch- b = 
ing. A more difficult but natural problem in tidal bs = 
flow investigation however, is to simulate the 
mechanism of the water movement in the case of a g = 
tidal flow dividing into a number of branches at the R = 
head of the estuary. 
In this paper an attempt is made to study a non- 
linear mathematical model for the description of 
tidal flow propagation at the confluence of two 
tidal rivers, treating the problem as one-dimensional. 
The model so developed requires no additional ap- 
proximations than what is usually accepted in the 
case of a single channel without branching. To 
illustrate the effectiveness of the model, the flow 
conditions at the confluence of the river Hooghly 
and the river Rupnarain have been determined. The 
explicit finite difference scheme is adopted for its 
simple mathematical formulation and easy computer 
programming also keeping in mind the sharp turn-over 
of the tidal curves of the Hooghly and the Rupnarain 
which is difficult to be reproduced using the im- 
plicit finite difference schemes. The accuracy of 
tidal computation is verified by checking the results 
of this model against the data observed in the river 
system. 
It should be noted that among the various methods Fig. 2. 
of solution of tidal flow problems in natural ir- 
regular channels [1], the finite difference methods 
[2] are found to be advantageous. Finite difference 
methods are usually divided into the Explicit and 
the Implicit schemes. McDowell and Prandle [3] 
used the implicit scheme for the simulation of the 
Hooghly and the Rupnarain confluence. The limita- 
tions of that work were discussed by Sen and Chat- 
terjee [4]. In view of the limitations of implicit 
scheme for the above problem, the explicit scheme 
is utilized for the simulation of the junction of tidal 
rivers. The junction of the Hooghly-Rupnarain river 
system is presented as an example. The significant 
deviation from the usual computational processes in 
the case of a single channel without branching is on- 
ly given in this work. 
2. GOVERNING EQUATIONS FOR TIDAL FLOW 
The equations of continuity and motion for one- 
dimensional tidal flow are 
aQ ah =0, (2.1) a--;- + b -~- 
ah 1 ~}Q (b+bs)Q ah IQIQ 
3x  + (b-t - )  -~ - -  = o 
gA ~t gA 2 C2A2R (2.2) 
total discharge through a cross section 
area  A ,  
height of water level above a reference 
datum, 
surface width, 
stream width, 
acceleration due to gravity, 
hydraulic mean depth. 
3. BOUNDARY CONDITIONS AND THE EXPLICIT 
FINITE DIFFERENCE SCHEME 
The problem under consideration is schematically re- 
presented by Figure 2. To simulate the tidal flow by 
solving equations (2.1) - (2.2) in the reaches 1, 2, 
and 3, four boundary conditions are required : three 
at the ends and one at the junction of the Hooghly- 
Rupnarain river system. 
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With reference to Figure 2, the conditions at the 
junction are 
Q1 = Q2 + Q3 (3.1) 
H 1 = H 2 = H 3 (3.2) 
Equations (2.1) and (2.2) are now expressed in ex- 
plicit finite difference scheme using the diamond 
grid system as shown in Figure 3. The solution 
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scheme of the problem is divided into two distinct 
parts. One part is for the computations of h and Q 
in the reaches 1, 2 and 3 with the help of three 
boundary conditions at the three ends together 
with the boundary condition at the junction, while 
the second part is for the development of the 
boundary data at the junction. 
For the first part, equations (2.1) and (2.2) can be 
written as follows. Equation (2.1) using the diamond 
ABCD of Figure 3 is 
1 At 
hc -hA= g A-x(QB-QD) 
or  
1 At (QD "QB)  (3.3) hc = hA'~ b Ax 
and equation (2.2) with the diamond EFGH in 
Figure 3 can be written as 
hF _ hH + (~_A Ax --AT) (QG - QE) 
(b + bs) Ax 
4g A 2 (QG + QE) - -~  (hF - hF' + hH - hH') 
from the left hand side, the points A and C lie on 
the line of separation of the three reaches and the 
point D on the left hand side, the problem being 
with the point B. In this case, B is divided into two 
parts : one on the grid system of reach 2, viz. the 
point B 2 in Figure 4(b), while the other on the grid 
system of reach 3, that is, B 3 in Figure 4(b 7. The 
junction boundary condition requires Q1 = Q2 + Q3, 
so instead of the two points B2 and B 3 in Figures 
4(a 7 and 4(b), one may imagine a point B 1 in Figure 
4(c) where the discharge Q1 will be the sum of Q2 
at B 2 and Q3 at B 3. That means the diamond AB2CD 
and AB3CD are replaced by the diamond ABIDC in 
Figure 4(d 7. ActuaRy, the point B 1 had no existence, 
and in terms of equation (3.17, the only requirement 
is to replace QB by QB = QB2 + QB3 so that h C of 
(3.3) becomes 
hc hA+~ - At = (A---x) (QD - QB 2 - QB37 (3.6) 
Thus the h values at the junction are obtained with 
the help of one junction boundary condition 
Q1 = Q2 + Q3" 
+ 2Ax  QG I QEI = 0, (3.4) 
C2A2R 
or  
(b +bs) 
QE+gA(hF-hFI)~ ) + 4A 
%- 
(h H -h H, +h F -hFOQ E 
z+ 2gA_____~t IQ~I (b+bs) 
C2AR 4A (hH - hH' +hF - hFP) 
(3.57 
If the initial conditions are known or assumed in 
equations,(.3.3) and (3.5), the right hand side at all 
three reaches 1, 2, and 3 can be evaluated provided 
the h values at the junction boundary are given. 
Thus h C and QG can be calculated using these two 
equations as recurrence r lations. This implies that 
if h A and QE values (that is h and Q values at t = 0) 
are known, then those for t = At can be computed. 
For the second part of the problem, the picture is 
completely different. If the computation process tarts 
from the downstream boundary condition then reach- 
hag the junction point, it is difficult to justify that out 
ofQ 1 amount of flow in the reach 1, how much will 
enter each 2 as Q2 and what amount passes through 
reach 3 as Q3 = Q1 -Q2" 
To have a direct method of this estimation of Q2 
and Q3 the following grid system at the junction 
is developed : 
The grid system in the main channel (Reach 1) to- 
gether with that in one branch (Reach 2) is shown 
ha Figure 4(a). When the solution process tarts 
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Once that h values at the junction are known the 
solution process will start from this h values in both 
the branches eparating as shown in Figure 5. (In 
which case the condition H 1 = H 2 = H 3 can be re- 
phced by h I = h 2 = h 3 as they occur as the same 
"h" grid point in the first finite difference scheme 
adopted hereT. 
In Figure 5(a 7, the value of Q at the first grid of 
reach 2 will be computed for the next time step 
from the diamond EFGH with the help of equation 
(3.5) and in Figure 5(b 7, Q value of the first grid of 
reach 3 will be obtained with the consideration of
the diamond EFGH and equation (3.4) as before. 
The whole scheme is based on the initial value tech- 
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nique, that is, all values of h and Q are known or 
assumed at t = 0, and h and Q for subsequent time 
steps are calculated. 
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4. CONVERGENCE AND STABILITY OF THE 
FINITE DIFFERENCE SCHEME 
Numerical solution of partial differential equations 
using explicit finite difference scheme needs a 
restriction on the choice of grid size, that is, of the 
values of At and Ax for the convergence and stabil- 
ity of the solution. Courant et al. [5] showed that 
if 
At ~< 1 __  (4.1) 
Ax l u + x/gRI max 
then the solution converges. In other words, if D 
and F are the solutions of the differential equation 
and difference quation respectively, then for con- 
vergence 
1[ D - F [[ -~ 0, (4.2) 
whenever At and Ax satisfy the condition (4.1). 
Neuman [6] proved that the stability of the system 
can be achieved whenever the above condition (4.1) 
is satisfied. In other words, if N be the numerical 
solution of the difference quations, stability requires 
[[ F - N]l ~ 0 (4.3) 
This would be satisfied whenever At and Ax are 
governed by (4.1). 
5. SCHEMATIZATION OF THE RIVER SYSTEM 
The schematization of the river portions from Balari 
to Garden Reach about 86 km in the Hooghly and 
Geonkhali to Baxi about 46 km in the Rupnarain 
were made from the survey charts of the year 1970. 
From the cross-section surveys the area of cross-sec- 
tion and the surface width of the sections were 
calculated whereas from the survey charts the con- 
vergence width of the channels were established. The 
river reaches were divided into lengths of Ax = 1830 m 
and average area, surface width, conveyance width 
and hydraulic mean depth were calculated for differ- 
ent depths. The curves of these parameters were 
plotted against water elevation h read at an interval 
of 0.25 m and fed into the computer for interpola- 
tion purposes. 
From velocity and gauge observations in the different 
reaches, the loss coefficient C was estimated using 
the dynamical equation of motion with known gauge 
values at both ends of the reaches with known 
velocities in the middle. From the calculated values, 
two separate values of C, one for the flood cycle and 
the other for the ebb cycle were used in the computa- 
tion. 
6. BOUNDARY AND INITIAL VALUES 
The tidal gauge curves of Balari, Garden Reach and 
Baxi of April 28, 1971 with range at Saugor _ 5.41 m 
were considered as the three end boundaries in the 
model. The curves were drawn and were represented 
by Fourier Series of the form 
h(x) = h0(2 ) + h I cos (cot -a l )  + h2(x ) cos (2cot-a 2) 
+ h3(x ) cos(3cot-a3)  + . . .  
and were used for getting h values at t = 2At = 4 rain 
= 240 s. 
To begin with the computation process, a set of 
alternate h and Q values at time t = 0 (approximate 
but in conformity with the three end boundary 
values) have been assumed. 
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The observed and computed gauge curves of the 
Hooghly-Point (the junction), the Fisherman's Point 
(in the Hooghly) and the Dainan (in the Rupnarain) 
are shown in Figure 6. Their comparisons are shown 
in Table 1. 
7~ 
i 
6~ 
I 
uJ 
i 
7. cOMPUTED AND OBSERVED RESULTS WITH 
DISCUSSIONS 
¢.o 
11 r I \ k [  'S 
b' 1 
I f  t \N 
.o.J.x.A  "°TN 
5 11 12 
Jl 
6 7 8 9 10 
OBS.  l 
COMP.= • • • 
1:3 14 15 16 17 
T IME IN HOURS 
Fig. 6. Comparison of observed and computed 
gauge curves. 
Among these three gauge curves, that of the Hoogh- 
ly Point just at the junction is the,most important 
in this study. The close agreement between the com- 
puted and the observed curves hows the degree of 
simulation achieved using the newly developed grid 
scheme. 
As has already been explained, not only the develop- 
ment of this junction gauge curve is important in 
this study, but also its use as an intermediate 
boundary in the grid scheme; the gauge curves of 
the Fisherman's Point in the Hooghly and the Dainan 
in the Rupnarain are also shown here. The close 
agreement between the computed and observed 
curves in these two places proves the effectiveness 
of the method adopted. 
Another important requirement to prove the method 
adopted as a complete one in such models is the 
comparison of the observed and computed ischarge 
curves at the entrance of the upper Hooghly, i. e., 
upstream of the junction and at the entrance of the 
Rupnarain. The comparison is made in Figure 7 
where along with the discharge curve of the junction 
at Hooghly Point, those in the entrances of the two 
rivers are shown. The close agreement between the 
two discharge curves (observed and computed) of the 
two places completes the proof of the ability of the 
method eveloped here to simulate such a case. An- 
other checking of the correctness of the computed 
discharge curve is the balance of total flood £nd ebb 
volumes at each place. This is because both the rivers 
Hooghly and Rupnarain receive no upland flow in dry 
season. 
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Fig. 7. Comparison of observed and computed 
discharge. 
TABLE 1 
Place 
Hooghly 
Point 
Fisherman's 
Point 
Dainan 
H. W. Level in m 
obs. I comp. 
5.74 5.72 
H.W. Time" L.W. Level in m 
obs. Icomp. obs. Icomp. 
L.W. Time i Max. Error Max. cliff. 
I in Z in in time 
obs. comp. Level in min 
12.35 12.42 -0.36 -0.32 8.40 8.50 3.6 7. 10 
5.90 5.95 13.00 13.08 0.20 0.26 9.30 9.23 3.5 % 8 
6.39 6.39 13.40 13.32 2.12 2.15 11.00 11.10 3.5 Z 10 
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8. CONCLUSIONS 
It is shown that the grid system for the simulation 
of the junction of tidal rivers using the Explicit 
Finite Difference Scheme is found to be effective. 
Although the junction of the Hooghly-Rupnarain 
river system is used as an example in our study, not 
only the junction of two rivers but also of any 
number of rivers can be easily simulated in this 
method. Also, the junctions of several rivers at 
several points along a river can be simulated using 
the same procedure. 
As a concluding remark, it may be added that the 
effects of the wind stress and upland flow on the 
tidal flow in the river system have been neglected. 
It is essential to incorporate the cyclonic storms in 
the Bay of Bengal area for the estimation of the 
height of embankments against flood in the river 
system. Such a study is recently completed and will 
be published in a subsequent paper. 
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